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In order to better investigate the geomechanical property changes and rock failure 
taking place as a result of CO2 injection in the Delhi Field. The changes in compressional and 
shear velocity due to the CO2 injection need to be taken into consideration.  
Several methodologies have been applied to synthesize compressional and shear 
velocity logs throughout the study field before and after the CO2 injection.  A neural network 
approach was used as an alternative way to extrapolate the sonic log to any well location in the 
field before the CO2 injection. Eberhart-Phillips correlation was utilized to calculate the velocity 
changes as a result of pore pressure increase. The Gassmann equation was then applied to 
calculate the effect of CO2 saturation on velocity changes. As Eberhart-Phillips only takes into 
account the effective stress effect, the Gassmann equation only considers the CO2 saturation 
under constant stress. A new empirical equation coupling the CO2 saturation and pore pressure 
effect has been introduced. The results have been calibrated with time-lapse seismic derived 
sonic velocity.  3D characterization of geomechanical properties and strength at various effective 
stress scenarios has been evaluated. 
The rock properties obtained from the core measurement have been input into the 3D 
geomechanical model to predict the cap rock integrity and rock failure. The prediction indicates 
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CHAPTER 1 :  INTRODUCTION 
1.1 Research  Objectives 
The behavior of rocks to stress changes induced by increasing or decreasing pore 
pressure is a critical factor in analyzing the total reservoir system. Even though extensive 
geomechanics related studies have been made on the cap rock integrity and fault stability 
problems in CO2 capture and storage projects (Birkholzer, 2006; Tran and Shrivastava, 2009), 
they seldom work has been published in the CO2 enhanced oil recovery (EOR) projects from the 
elastic rock property changes in association with CO2 injection. 
The objective of this study is to determine the rock properties differences before and after 
CO2 injection in Delhi Field. Compressional and shear wave velocities (Vp, Vs) obtained from 
dipole sonic data are utilized to calculate the elastic rock properties, namely Young’s moduli, 
Poisson’s ratio based on equations 1.1 and 1.2. 
There are only two wells that have sonic log data before the CO2 injection in Delhi Field 
(Figure 1.1). This limited data set creates a constraint for our study in populating rock properties 
prior to CO2 injection and correspondingly predicting the sonic log response after the CO2 
injection. In the absence of the sonic logs, we utilized various methodologies, neural network, 
rock physics models and geomechanics correlations such as Gassmann,  Brie mixing fluid 
equations and Terzaghi’s effective stress concept to couple the pore pressure and CO2 saturation 
effects on acoustic, mechanical properties and strength of reservoir formation.   
                                                                                                                                        (1.1)                                                                                                                                                                              
 





































Where Vp and Vs are compressional and shear wave velocities (m/s or ft/s),  is density in 
gram/cc, Edynamic is dynamic Young’s modulus and  is the dynamic Poisson’s ratio. Depending 
on the velocity units used, a conversion coefficient is used to have Edynamic in proper pressure 
units (MPa or psi). 
 
1.2 Geology and Tectonic History 
Delhi Field is located in northeast Louisiana, and the source of CO2 is coming from 
Jackson Dome in Mississippi (Figure 1.1), that is located within Gulf Coast Basin (Bally and 
Snelson, 1989).  The updip portion of the Gulf Coast Basin is caused by Paleozoic uplifts, which 
subdivide Gulf Coast Basin into smaller sub-basins. Monroe Uplift is one of these sub-basins. 
The main focus of this study, Delhi Field, is located along the southern frank of the Monroe 
Uplift (Bloomer, 1946), separating the Mississippi Interior Salt Basin and North Louisiana Salt 
Basin (Figure 1.2). 
The Monroe uplift is located within the Mississippi Alluvial Valley formed during the 
Jurassic and buried up to 250 ft of Quaternary sediments. During the formation of the Monroe 
Uplift, erosion occurred between the Lower Cretaceous Paluxy and the Upper Cretaceous 
Tuscaloosa Formations (Figure 1.3). The Monroe Gas Rock is an impervious top seal over the 
key producing zones of the dipping Tuscaloosa and Paluxy formations (Bloomer, 1946). 
The target reservoir zone in Delhi Field is the Holt-Bryant reservoir. The zone lies at 
depths between 3,000 and 3,500 feet true vertical depth. Delhi Field is stratigraphically complex, 
with interconnected sand bodies of varying permeabilities and porosities. The reservoir unit is 
siliclastic reservoir. Based on 3-D seismic survey over the area in 2008, Paluxy sand units are 





uncertainty on lateral extent. The 159-2 core shows great variability in permeabilities, which 
creates the need of reservoir characterization to help determine CO2 flow paths.  
The trapping mechanism of the reservoir is a combination of an angular unconformity 
and an erosional pinch-out which cause the Paluxy and Tuscaloosa formations   3-5
o  
dip to the 
southeast. The seal consists of a combination of a crystalline limestone, the Monroe Gas Rock, 
the Clay chalk, and roughly 700 feet of Midway shale (Silvis, 2011). 
 
 






Figure 1.2 -Location of Delhi Field in relation to major salt basins and uplifts (Modified from 
Mancini et al., 2008). 
 
1.3 Production History 
Delhi Field was discovered in 1944 and the primary recovery continued until 1953, 
produced 49 million barrels oil, the recovery factor was 14% (Figure 1.5). After the primary 
recovery, waterflooding was used to maintain the pressure of the reservoir that created a peak oil 
production (17,500 BOPD) in 1973. Secondary production recovered approximately 143 million 
barrels of additional oil, bringing the total recovery factor up to 40% (Hardy et al., 1972). In 
2009, CO2 was injected with an average daily injection rate of 15 MMSCF per injection well at 
pressures of 2,100 psi (Denbury Resources, 2009). CO2 was transported through Denbury 
Resources owned pipelines from the Jackson Dome, located approximately 100 miles east of 
Delhi Field. 





 sa) intervals. The net pay interval averages 140 ft thick from the Paluxy to Tuscaloosa. The pay 
section is made up of a number of discrete sand bodies, or lenses, that vary 20 to 60 ft in 
thickness.  Both the Tuscaloosa and Paluxy reservoir sandstones have porosities ranging 
from15% to 38% and average permeability 1,400mD. The oil gravity is 43.9 API, viscosity is 
0.72 cp, and GOR is 404 SCF/STB. The original oil water contact (OOWC) is at 3,286 ft TVD. 
The unique characteristics of the Delhi Field, shallow depth, relatively high temperature, 
complex stratigraphy, very high permeability, and the continuous CO2 flooding of this Field 
instead of the more common water alternating gas (WAG) require good understanding of the 
dynamics of the reservoir to better design and ultimate success of the flood management (Davis, 
2009).  
 







Figure 1.4-Stratigraphic column indicating the formations present in the Delhi Field and the 







Figure 1.5-Timeline of Delhi Field's discovery, production, and seismic survey acquisition 
(Robinson, 2012). 
 









1.4 Lithology and Mineralogy 
XRD analysis has been conducted to determine the lithology of the Delhi Field (Denbury 
Resources, 2009). The clay content for majority of the intervals is around 20 percent with an 
exception in 3224ft to 3228ft depth. As evident from Table 1-1, relatively high kaolinite and 
illite are present in the reservoir section. 
 
1.5 CO2 Phase Behavior and PVT Data 
CO2 EOR is a tertiary recovery methodology. The effectiveness of oil displacement by 
carbon dioxide injection is affected by the phase behavior of CO2 and the crude oil composition. 
The phase behavior of CO2   is strongly dependent on reservoir temperature and pressure. 
Therefore, the composition of oil, the in situ pressure and the temperature of the Field are key 
factors dominating the effectiveness of CO2-EOR projects.  
The CO2 converts to liquid based on the bottom hole pressure and temperature. Since the 
bottom hole pressure in the Delhi Field is not high enough to vaporize, the CO2 is immiscible.  
 






















































































































l 76 2 1 0 0 0 0 0 0 21 10 7 4 0 0 N/A 








71 0 0 0 0 0 1 0 11 17 11 4 2 0 0 N/A 
3199 72 0 0 0 0 0 1 0 11 16 11 3 2 0 0 N/A 
3203 81 0 0 0 0 0 0 0 6 13 8 2 2 0 1 
30-
40 
3204 75 0 0 0 0 0 0 0 11 14 8 3 3 0 0 N/A 
3208 73 1 0 0 0 0 0 0 11 15 9 3 2 0 1 
30-
40 
3224 97 0 0 0 0 0 0 0 0 3 2 0 1 0 0 N/A 
3227 96 0 0 0 0 0 0 0 0 4 1 0 1 0 2 
30-
40 
3228 96 0 0 0 0 0 0 0 0 4 1 0 1 0 2 
30-
40 
3235 92 1 0 0 0 0 0 0 0 7 6 0 1 0 0 N/A 
3238 28 1 2 0 0 3 0 2 0 64 31 5 22 0 6 
20-
30 









 83 0 0 0 0 3 1 1 0 12 9 0 2 0 1 
30-
40 
3260 84 1 0 0 0 0 0 0 0 15 11 1 3 0 0 N/A 
3261 85 1 0 0 0 0 0 0 0 14 10 1 3 0 0 N/A 












66 3 1 0 0 0 1 0 6 23 13 1 7 0 2 
20-
30 
3281 84 2 0 0 0 0 1 0 0 13 10 0 2 0 1 
20-
30 
3282 83 2 0 0 0 0 0 0 1 14 10 0 3 0 1 
10-
20 
3290 81 1 1 0 0 0 0 0 0 17 11 1 4 0 1 
10-
20 









1.6 Crude Oil Composition and PVT Data 
The oil composition analysis and PVT properties of the reservoir fluid are critical to 
provide us a better idea about the reservoir characteristic. A series of PVT analysis has been 
conducted for the well 70-4 in Dec 2007 (Denbury Resources, 2009). Gas compositions were 
measured based on the gas chromatography methodology. The mole percent of C11 accounts for 
74.86 and C7 plus accounts for 47.82 percent of the mole composition as shown in Table 1-2 
indicating that the composition of the  oil is very light (Denbury Resources, 2009). 
In Table 1-3, all saturation pressures were bubble point pressures, the fifth mixture at 90% 
total moles CO2 was a two phase mixture, while in the field, the pressure cannot reach the fifth 
mixture to miscible. Relative volume of fluid has been determined in different saturation 
pressure, and density also be calculated to input in the Gassmann equation.  
Live-oil viscosity of the original reservoir fluid was measured in an electromagnetic 
viscometer at reservoir temperature. The data obtained has been listed in Table 1-4. Viscosity 
determination was carried out over a wide range of pressures from above the reservoir pressure 
to atmospheric pressure. The measurements were repeated at each pressure stage until five or 
more results within 0.5%. As clearly seen in Table 1-4, the viscosity drops dramatically with 
higher pressure conditions, and more gas dissolves in the oil explaining why density keeps 
increasing. 
 
1.7 Relative Permeability 
Gas-oil relative permeability test has been obtained from core data in well 159-2 at the 
depth 3224ft with the porosity of 0.287. 





the oil become lower than the gas (Denbury Resources, 2009). Therefore, how to maintain the 
reservoir pressure and how to reduce the gas volume need to be considered.  
 
Table 1.2 -Compositional Analysis of Recombined Reservoir Fluid to C36 plus (Denbury 
Resources, 2009) 
 
Composition Mole % Mole Weight (g/mol
-1
) Density at 60°F (g/cm
-3
) 
C7 plus 47.82 205 0.8323 
C11 plus 27.04 276 0.8698 
C20 plus 9.48 426 0.91 
C36 plus 1.6 796 0.96 
 
 
Table 1.3 -Solubility and Swelling study at 135
o
F (Denbury Resources, 2009) 
Gas  
Addition 
Mole% injection gas  









1 15 1.06 1711 0.7359 
2 30 1.14 1953 0.7442 
3 50 1.31 2273 0.7653 
4 70 1.75 3101 0.7844 
5 90 - - - 







Table 1.4 -Reservoir Fluid and Swollen Fluid Shrinkage Measurements at 135 °F (data by 



































135 to 60 3082 2.235 
0.234 
 
















0.000  - 0.000 0.865  0.000 
0.204      0.026 0.009 0.350  0.572 
0.379      0.292 0.035 0.120  0.938 
0.447      0.806 0.058 0.072  0.977 
0.477     1.29 0.071 0.055  0.985 
0.518     2.49 0.092 0.037  0.992 
0.610   13.4 0.172 0.013 1.00 
0.650   30.8 0.225 0.007 1.00 
0.664   44.7 0.246 0.006 1.00 
0.680   72.4 0.275 0.004 1.00 
0.694 116.0 0.301 0.003 1.00 
















































CHAPTER 2 :  LITERATURE RESEARCH 
The first CO2 EOR project in the US was conducted in 1972 in Scurry County, Texas. 
Nowadays, CO2 injection has been used successfully throughout the Permian Basin of west 
Texas and eastern New Mexico, and is also being pursued to a limited extent in Kansas, 
Mississippi, Wyoming, Oklahoma, Colorado, Utah, Montana, Alaska, and Pennsylvania (U.S 
Department of Energy). 
In the CO2 sequestration projects, geomechanics play a very important role to monitor the 
CO2 movement and prevent the geomechanical related risks. Majority of the studies have been 
conducted in CO2 storage projects to monitor caprock integrity and fault reactivity (Khan et al., 
2010; Berard et al., 2007). 
Xue and Kim (2009) detected CO2 injection effect using P-wave velocity and resistivity 
data. Hawkes et al. (2004) summarized the risks and mechanisms in geological storage of CO2. 
According to their work, there are four main issues that CO2 injection studies need to be taken in 
consideration.  These are: 
1) Fault Reactivation 
2) Induced Shear Failure 
3) Borehole Instability 
4) Casing Deformation and Failure 
In the following paragraphs, we will discuss these items in detail. 
Fault Reactivation: Based on Mohr-Coulomb shear failure criterion, slip will occur on a 
fault when the maximum shear stress acting in the fault plane exceeds the shear strength of the 
fault (Streit et al, 2002). Fault reactivation is predicted when sm ≥ 1. 
    
            
                                  





Induced Shear Failure: Fluid injection or production will induce pressure and/or 
temperature changes in a reservoir. These changes will cause the reservoir formation to expand 
or contract. Consequently, significant shear stresses can occur. The critical parameters affecting 
the magnitude of this risk mechanism can be identified by considering the analytical solution for 
induced shear stress in an isotropic, elastic reservoir. The following equation enables us to 
calculate the induced shear stress in the lateral direction affected by the pore pressure (Bruno 
2002). 
              
  
        
                                                                                      (2.2) 
In order to avoid hydraulic fracturing during the CO2 injection, it is necessary to 
accurately determine the maximum injection pressure. A conservative upper bound on injection 
pressure is the magnitude of the minimum in situ stress (σ3). This parameter can be determined 
from microfrac or minifrac tests. Furthermore, typically the minimum in-situ horizontal stress 
can be estimated using equation (2.3) as discussed by Gidley et al (1989). 
      
 
   
                                                                                                  (2.3) 
Borehole Instability: When the well has been drilled, the stress conditions around the 
borehole have been altered. The formation around the borehole experiences the stress 
concentration, which may create borehole stability issues. The stress concentration also affects 
the completion process and the production operations. If the formation strength is greater than 
the induced stresses, then the borehole will be stable. If the formation is weaker, detachment of 
the yielded rock from the borehole wall could occur. The yielding may cause borehole 
enlargement or extensive fracturing. This effect is critical for wells drilled in CO2 storage 
reservoirs as cement placement may be poor in severely enlarged intervals, and cement may not 





Both of these consequences of borehole instability could result in wellbores that present potential 
leakage pathways as discussed in detail in Hawkes et al. (2004). 
A simple approach for assessing borehole stability is to calculate the near-well stresses 
using a linear elastic model, and to compare these stresses to a rock strength criterion to 
determine if shear yielding will occur. Considering the case of a borehole drilled parallel to a 
principal in-situ stress direction and assuming plane strain conditions in an isotropic, 
homogeneous rock mass, it is relatively simple to solve for the stresses around the borehole. The 
critical wellbore pressure for borehole stability (Pw (critical)) can be assessed as discussed by 
Hawkes et al. (2000) using equation (2.4). 
               
                        
   
                                                                           (2.4) 
Casing Deformation and Failure: It is closely related to the consequences for the 
geomechanics risk mechanisms described in the preceding sections. For example, fault 
reactivation, or induced shear failure at the reservoir caprock interface may induce shear failure 
in casing strings that transect the rock failure plane (Hawkes et al., 2000). 
The geomechanics in the CO2 EOR projects are not only important for determining the 
geomechanics related risks such as seal integrity issues, but it can also be utilized to predict the 
elastic rock property changes related to the production. Recent attempts have been made to 
couple the geomechanical modeling with reservoir fluid flow simulation to predict simultaneous 
changes in porosity and permeability resulting from CO2 injection or oil production (Gutierrez 
and Lewis, 1998; Minkoff et al., 2004). 
Heris (2011) investigated the application of dynamic reservoir characterization for a 
miscible CO2 water-alternating-gas (WAG) project. To obtain relevant data for the study, he 





a section of the Postle Field, Oklahoma. The reservoir is the upper Morrow A sandstone and the 
EOR process began in May 2007. An integrated work was conducted to construct a detailed 
reservoir model incorporating various sources of data such as geological, petrophysical and 
reservoir engineering.  A compositional PVT module was constructed and used in the reservoir 
model for flow simulation.  Acoustic and shear impedance were calculated from the simulation 
model results were compared to the corresponding results from seismic data inversion. The 
reservoir simulation model was helpful in the interpretation of the seismic anomalies. We have 
applied a similar workflow to calibrate the synthetic logs and new coupled rock physics,  
geomechanics, reservoir simulator was developed in this study as there is no compressional and 
shear log velocity data available after CO2 injection except seismic data in the Delhi Field. The 
creation of the synthetic logs and the workflow followed in the process to obtain the input data 






CHAPTER 3 :  SYNTHETIC SONIC LOGS UTILIZING VARIOUS METHODS 
3.1 Obtaining Synthetic Sonic Logs Using Neural Network Approach 
There are only two wells that have sonic log data before the CO2 injection took place in 
our study area. This limited data set created a constraint for our study in populating rock 
properties prior to CO2 injection and correspondingly predicting the sonic log response after the 
CO2 injection from which rock property changes can be determined. In the absence of the sonic 
logs, we utilized other available wireline log data in the study area to obtain synthetic sonic log 
based on the neural network method. These approaches are discussed in the following 
paragraphs. 
A comparison between biological neuron and artificial synthetic neuron has been 
demonstrated in Figure 3.1. X1, X2, Xi,…,Xn are the input signals, which are the electrical 
impulses affect the neuron simultaneously. Each input signal also counted by the weight of Wi 
that represents the level of Xi effect on the output.  
 
Figure 3.1-Biological neuron and artificial synthetic neuron (After Marin et al., 2010). 
 





been obtained based on multiplying each input parameter by its weight as shown in Figure 3.2. 
        
 
                                                                                                                    (3.1)    
                                                                                                           
 
 
Figure 3.2- Process of a neural network (After Marin et al., 2010). 
 
In order to use the neural network to create the synthetic sonic logs of our study area, a 
robust relationship between sonic log and other logs needs to be determined as show in Figure 





the color bar represents the change in clay content.    
 
Figure 3.3-(a) A cross-plot of the Deep Resistivity (RT90) as a function of  Compressional 
Velocity (Vp)  at well 140-1. (b) A cross-plot of the Deep Resistivity (RT90) as a 
function of Compressional Velocity (Vp) at well 159-2. In both figures, the color bar 
indicates the change in shaliness (Vsh). 
 
In Figure 3.5, the low value of PE, bulk density, GR, and the daily drilling report are all 






Figure 3.4-(a) A crossplot of the Neutron Porosity (NPHI) as a function of Compressional 
Velocity (Vp) at well 140-1. (b) A crossplot of the Neutron Porosity (NPHI) as a 
function of Compressional Velocity (Vp) at well 159-2. The color bars in both 












It is evident from Figure 3.6 that porosity has a strong relationship with density and clay 
content.  When density and clay content increase, the velocity also increases. A plot of density as 
a function of the neutron porosity (NPHI) is presented in Figure 3.7, in which the strong 
relationship between density and NPHI can be observed.   
 
 
Figure 3.6-(a) A cross-plot of the bulk density (RHOB) as a function of Compressional Velocity 
(Vp)  at well 140-1. (b) A cross-plot of the bulk density (RHOB) as a function of 
compressional Velocity (Vp) at well 159-2. The color bars in both figures indicate 






Figure 3.7-(a) A crossplot of the bulk density (RHOB) as a function of neutron porosity (NPHI) 
at well 140-1. (b) A crossplot of the bulk density (RHOB) as a function of neutron 
porosity (NPHI) at well 159-2. The color bars in both figures indicate the change in 
shaliness (Vsh). 
 
In Figure 3.8, most wells in the research area except 146-1 and 139-2 have similar 
distribution of GR, representing in a main research area, the lithology doesn't change that much. 
This stable lithology encourages us to populate the sonic log over the large section of the Delhi 







Figure 3.8- Gamma Ray histogram for all the available wells in Delhi Field. 
 
Based on the cross-plots shown in Figures 3.6, a strong relationship between sonic log 
and RHOB, NPHI, Vsh is evident. Therefore, the GR, RHOB, NPHI, Vsh data was used to 
create synthetic sonic logs for the well wells 140-1 and 159-2 in Figure 3.9 and Figure 3.10, 
respectively. The blue line in column 5 is the synthetic sonic log, the red line is the real measured 
data. The weighting factor in column 6 could be adjusted to further improve the synthetic sonic 





Reasonably high correlation coefficient (R
2
=0.8552) has been obtained as shown in 
Figure 3.11, justifies the neural network approach can be  used to populate the sonic log at any 
location in the Field. 
The scatter observed in the cross-plots is typically attributed to texture difference, 
washouts, difference in the vertical resolution or the presence of organic rich materials.  
 
Figure 3.9-The comparison of measured vs. synthetic sonic log (column 5) obtained in well 140-
1 using RHOB (column 1), GR (column 2), NPHI (column 3) and Vshale (column 4).  
Red line is for measured sonic log and blue line is the synthetic log in column 5.  The 






Figure 3.10-The comparison of measured vs synthetic sonic log (column 5) obtained in well 159-
2 using RHOB (column 1), GR (column 2), NPHI (column 3) and Vshale (column 
4).  In column 5, the red line is for measured sonic log and blue line is the synthetic 







Figure 3.11-A cross-plot of the measured compressional velocity as a function of the synthetic 
compressional velocity. 
 
3.2 Obtaining Synthetic Sonic Logs Using Rock Physics Correlations 
Even though the result based on neural network is reasonably effective, the changes in 
sonic log after the CO2 injection cannot be predicted using neural network approach. Hence, the 
Eberhart-Phillips rock physics correlation has been utilized to predict the sonic velocity changes 
before and after the CO2 injection.  
                               
                                                                     (3.2) 
                               





where  is porosity in fraction, C is clay content (%) and eP  is the effective stress (MPa). 
Vp and Vs are obtained in km/s. The effective stress has been calculated based on  Terzaghi’s 
equation (3.4).  
                                                                                                                                     (3.4)                                                                                 
where eP  
is effective stress (MPa), vS is overburden stress (MPa), and pP is pore pressure 
(MPa). 
                                                                                                                                 (3.5) 
Here  is the Biot coefficient, dK  
is effective modulus of dry rock (GPa),  mK is mineral 
modulus(GPa), the value for   has been obtained from the core measurement and used it 
throughout the effective stress calculation. The calculation for dK  and mK has been discussed in 
Chapter 3.3 using the Gassmann equation. 
The pore pressure has been calculated from the static bottom hole survey. In order to 
obtain the accurate pore pressure in the production interval, the wells have been shut in, 
thereafter the bottom hole pressure was built up until a static pressure was reached. The bottom 
hole pressure survey has been conducted in several wells at different times, and the depth has 
been normalized in 3175 ft. The 2D map of pore pressure distribution in November 2009 and 
October 2010 has been plotted in Figure 3.12 and Figure 3.13. 
Based on the pore pressure distribution in 2010 (Figure 3.13). There is a low pore 
pressure distribution around the wells 165-32 and 148-27.  
           
 
 
                                                                                                                                      (3.6) 
The overburden stress can be calculated by integration of the density log, where   is 
bulk density (g/cm
3






Figure 3.12-Pore pressure distribution in November 2009 at 3175 ft in the Delhi Field. 
 
        

























































The gamma ray, and neutron density combination are commonly used to measure the clay 
content based on the log data collected in the wells. The gas zone can be identified using the 
neutron and density porosity. However, the neutron and resistivity logs are also affected by the 
presence of gas. Therefore, a methodology developed by Larionov (equation 3.7) that is 
considered as an accurate methodology to estimate the shale volume by removing the effect of 
radioactive mineralogy was implemented. 
           
                                                                                                                 (3.7) 
Where shV is shale volume, GRI  is gamma ray index, which can be calculated using equation 3.8. 
    
           
           
                                                                                                                     (3.8) 
Here logGR  is the gamma ray log measurement, mnGR  is minimum gamma ray (clean sand), 
maxGR is maximum gamma ray (shale). 
             Since the clay content needs to be obtained to input into the Eberhart-Phillips equation, 
the following assumption has been made. 
                                                                                                                                     (3.9) 
Where clayV is the clay fraction in the interval. 
In equation 3.7, Porosity can be affected by shale volume. So shale effect on porosity 
supposed to be removed. 
                                                                                                                              (3.10) 
                                                                                                                              (3.11) 
where ne  is the effective neutral porosity,  de  is the effective density porosity, nsh is the 





Because the residual oil saturation before CO2 injection in different wells need further 
research, porosity has been calculated based on the assumption that there is no hydrocarbon 
effect.  Hence, the porosity was input into the Eberhart-Phillips equation e  using equation 3.12. 
                                                                                                                              (3.12) 
            The effective stress, clay content, porosity can be used to input into the equation 3.2 to 
calculate the compressional velocity. The result has been input into the Debye model to remove 
the frequency dependency, and arithmetic average compressional velocity from the logging data 
has been calculated to compared with the synthetic data, then the coefficient used in the process  
was tuned into 5.16 to match the logging data in the well 159-2 in Paluxy.
 
The synthetic log has been crossploted by the logging data. The correlation coefficient of 
0.7188 implies that the Eberhart-Phillips empirical correlation is another reasonably effective 
methodology to acquire synthetic sonic log data in our study field (Figure 3.14). 
             This methodology has been used in any other wells which have the pore pressure data 
before the CO2 injection, and the synthetic logging data has been used to populate to the entire 
research area based on the kriging methodology using the software package “Surfer”. 
              Due to the absence of sonic log data for calibration of the modeling effort after CO2 
injection and unavailability of any core measurements from the study field, the synthetic 
compressional velocities obtained after CO2 injection at several effective in situ stress states have 
been used to compare the CO2 saturated Conotton sandstone core data reported by Wang and 
Nur (1989) that have similar mineralogy, porosity and clay content ranges observed in Delhi 






Figure 3.14- A crossplot of log measured Vp as a function of Vempirical (Eberhart-Phillips). 
 
The navy colored line indicates the core ultrasonic velocity changes at various pore 
pressures in Conotton sandstone, while the light blue line represents the synthetic sonic velocities 
obtained using Eberhart-Phillips correlation at various effective stresses. As we can see in Figure 
3.15, the core measurements in Conotton sandstone have similar rate of reduction with the pore 
pressure change as the one calculated using Eberhart-Phillips correlation. Hence, the Eberhart- 
Vp = 1.01Vp(Empirical)- 0.17 

























Phillips relation can be considered as another effective way to calculate the ultrasonic velocity 
dependence on pore pressure. 
Right before the thesis finished, the core data has been obtained, while the core data only 
taken into consideration the case that the pore pressure smaller than 1500 Psi, which cannot be 
used to predict the sonic velocity changes after the CO2 injection. 
 
Figure 3.15-Compressional velocity changes at various pore pressure states. The data used in the 
plot is for Conotton sandstone is obtained after Wang and Nur (1989). The velocity 
model shown in light blue colored line is calculated using pore pressure values 
obtained from field measurements into the Terzaghi equation from which the derived 






















3.3 Fluid Saturation Determination (Gassmann Equation) 
Although Eberhart-Phillips correlation is typically considered as a convenient way to 
calculate the compressional and shear velocity changes due to pore pressure changes, the 
associated changes in the local CO2 saturation also impact the velocity changes that could not be 
identified using this simple correlation.  Coupling the effect of pressure and CO2 saturation is a 
major concern of this study. Kim et al. (2010) conducted core measurements in Berea sandstone 
that has 19% porosity, 15% clay content at 40
o
C resembling the Delhi sandstone formation 
conditions. Kim et al. also used Gassmann equation (3.13) and Brie’s fluid mixing equation 
(3.14) to calculate the CO2 saturation effect on the compressional velocity. The results have been 
compared with the core measurement data. Based on that, the Gassmann equation and Brie’s 
fluid mixing equation can be used as an alternative methodology to calculate the rock property 
changes due to CO2 saturation changes. 
Gassmann equation provides a way to compute the effective bulk modulus of reservoir 
rock saturated with a given composition of pore fluids from the elastic moduli of the dry rock. 
        
   
  
    
  
 
      
 
   
    
 
  
    
 
                                                                                                  (3.13) 
where satK is the bulk modulus after the CO2 injection , dK is the dry rock modulus, minK  is 
mineral bulk modulus, that is obtained using equation 3.14, and the FluidK  is the fluid mixing 
modulus, which is obtained utilizing equation 3.15.  
                                                                                                 (3.14) 
Here Clay Frac is the fraction of clay and Quartz Frac is the fraction of quartz, clayK  is 
the bulk modulus of clay, QuartzK is the bulk modulus of quartz.  
                                  





where gasK  is the CO2 bulk modulus, and liquidK  is given by the Reuss average of the water and oil 
moduli (equation 3.16). 
         
      
      
 
      
      
                                                                                                     (3.16) 
The dry modulus dK  
can be calculated using equation 3.17. 




                                                                                                               (3.17) 
where oowwf SS   , and fsat   min)1( . 
Vp is the compressional velocity 
obtained from logging data, and sat  can be calculated using equation 3.18. 
            
                                                                                                                   (3.18) 
The shear velocity and compressional velocity can be calculated using 3.18 and equation 3.19. 
 
    
     
 
 
    
    
                                                                                                                       (3.19) 
                                                                                                                    (3.20)                                                                 
 
  Compressional velocity (Vp) changes due to the CO2 injection obtained using Gassmann 
equation of the trendline has been plotted in Figure 3.16. A trendline has also been added on the 
compressional velocity changes, and the equation of the trendline has been shown in equation 
3.20.  
             In the core measurement of Kim et al. (2010), the Vp decreases 5.1%, 7.1%, 8.1% when 
the CO2 saturation is 10%, 20%, 30%, respectively. For CO2 saturations above 30%, Vp stays 
almost unchanged. In our study area at the Delhi Field, the Vp decreases 7.5%, 9.8% and 10% 







Figure 3.16- Changes in Vp as a function of CO2 saturation. 
Above this saturation, the Vp also stops decreasing and begins increasing due to Ksat and 
density impact on velocity in equation 3.18. In the early phase of the CO2 injection, saturated 
bulk modulus (Ksat) decrease rapidly, after the CO2 saturation approaches to 40%, the Ksat 
doesn’t change significantly based on Gassmann equation. However, the density continues to 
decrease causing a slight increase in Vp after CO2 saturation reaches 40%.  
The equation 3.21 is the trendline used to match the effect of CO2 injection based on 
Gassmann equation with the correlation coefficient is 0.9984. This high correlation implies that 
equation 3.21 can be coupled with the Gassmann equation to calculate the CO2 saturation effect 
on compressional velocity changes in Delhi Field. 
             
          
                                                                                  (3.21) 
y = -3.6027x3 + 4.129x2 - 1.417x + 2.7878 


















Based on the acoustic travel times and bulk density changes, certain elastic rock 
properties, namely Young’s modulus and Poisson’s ratio can be calculated using the equations 
1.1 and 1.2. 
In the next chapter, the coupling process we have followed for the effective stress and 























CHAPTER 4 : COUPLING EFFECTIVE STRESS AND CO2 SATURATION 
4.1 Modified Eberhart-Phillips Correlation 
The Eberhart-Phillips correlation only considers the effect of the effective stress without 
the fluid impact while the Gassmann equation only incorporates the fluid effect without taking 
into consideration the effective stress. Both of these methodologies underestimate the effect of 
CO2 injection on compressional velocity. Therefore, coupling equation 3.19 with the Eberhart-
Phillips equation, the effects of CO2 saturation can be identified simultaneously using equation 
(4.1). Since fluid saturation changes has little effect on  shear velocity (Vs), the shear velocity 
assumes constant during CO2 injection; Therefore, Vs can be obtained using equation 3.3 and no 
revision needed for the coupling of stress and fluid effects on Vs.  
             
          
                                       
                                   (3.20) 
The porosity changes can be calculated using neutron, density or sonic logs after the CO2 
injection. No chemical reaction has been taken into consideration in this study. Therefore, clay 
content is assumed to stay constant before and after the CO2 injection. Compressional and shear 
velocity (Vp, Vs) changes after the CO2 injection have been calculated using equation 4.1 and 
3.3. 
 
4.2 Fluid Bulk Modulus Changes at Various Pore Pressures 
Since CO2, oil and water bulk moduli and densities are functions of stress at various pore 
pressures, the bulk modulus and density need to be calculated and input into the Brie mixing 
fluid equation to determine the bulk modulus and densities for the mixtures at any given stress 
conditions. Han et al. (2010) developed a methodology to calculate the bulk modulus and density 





Laboratory experiments have been carried out to investigate velocity of CO2 over a wide 
range of temperatures and pressures, under the condition that the pressures and temperatures are 
higher than critical point, the liquid phase behavior dominate the velocity changes. The 
compressional velocity increases as the pressure becomes higher and temperature is lowered 
while below the critical pressure point (7.38MPa), the gas phase behavior dominates the velocity 
changes. The compressional velocity increases at higher than critical pressure as the temperature 
also increases. Near the critical point at 31.1°C and 7.38 MPa, the velocity of CO2 reaches a 
minimum due to the CO2 phase change from gas to liquid phase. The empirical equations 4.2 to 
4.10 have been established to calculate the velocity of CO2 based on core measurement data to 
capture this sensitivity with the coefficient changing in different pressure and temperature 
conditions. In our case, at the low pressure and high temperature conditions of the Delhi Field, 
the coefficient to be used are a=1.66, b=7.789, c=30,000, and d=0.4.  The error ratio is less than 
1%, and the results are illustrated in Figure 4.1, 4.2 and Figure 4.3. Furthermore, the empirical 
equation results fit well with the Wang and Nur (1989). Hence, the empirical equation is 
believed to be effective for predicting the CO2 saturation impact on velocity.  According to the 
BHP survey and temperature in Delhi Field, the CO2 is liquid phase dominated. Therefore, the 
critical point effect on the compressional velocity was not considered in our calculations.  
Using Han et al. (2010), the temperature and pore pressure effects on the fluid property 
changes have also been taken into account. We used this technique to obtain the fluid bulk 
modulus and fluid density as input parameters for the Brie mixing fluid equation to calculate the 





Our calculations showed that the fluid and gas property changes at different pore 
pressures have little effect on Vp and Vs changes, because the high pore pressure results high Ksat 
and density according to equation 3.18, the increased Ksat and density offsets the effects on Vp. 
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Figure 4.4 is a fluid velocity dependence map with different methodologies in different 
pore pressure periods. Curve (b) is the fluid velocity changes using our model, curve (c) is the 
fluid velocity changes based on core measurements of Wang and Nur (1989) under similar 








Figure 4.1 -CO2 density changes in different pressure with different temperature. (Line 1 shows 
the change of density with the change of pressure at 60
o
F; Line 2 shows the change 
of density with the change of pressure at 80
o
F; Line 3 shows the change of density 
with the change of pressure at 100
o
F; and Line 4 shows the change of density with 




























Figure 4.2- CO2 velocity changes in different pressure with different temperature. (Line 1 shows 
the change of compressional velocity with the change of pressure at 60
o
F; Line 2 
shows the change of compressional velocity with the change of pressure at 80
o
F; 
Line 3 shows the change of compressional velocity with the change of pressure at 
100
o





























Figure 4.3- CO2 Bulk Modulus changes in different pressure with different temperature. (Line 1 
shows the change of Bulk Modulus with the change of pressure at 60
o
F; Line 2 
shows the change of Bulk Modulus with the change of pressure at 80
o
F; Line 3 
shows the change of Bulk Modulus with the change of pressure at 100
o
F; and Line 4 










1200 1475 1750 2025 2300 
   
   























Figure 4.4 -The calculated and measured CO2 velocity comparison. Curve (b) is the calculated 
velocity using Han et al. model, curve (c) measured data by Wang and Nur, 1989 
(after Han et al., 2010). 
 
Based on the static bottom hole pressure (BHP) measurements in several wells in the 
field during the CO2 injection, the pore pressure kept increasing, that resulted a decrease in the 
effective stress from 10MPa, to 8MPa then to 6MPa. Using these field BHP measurements, we 
have calculated the associated effective stress with the pore pressure changes using Terzaghi’s 
law, and the compressional velocity changes versus CO2 saturation at various effective stress has 





100m/s if the effective stress increases 1MPa in the Delhi Field. The compressional velocity will 
decrease 180m/s in general when the CO2 saturation increases 10 percent until the CO2 saturation 
reaches 40 percent. In this case, the density change has a greater effect compared to the bulk 
modulus change. Therefore, the compressional velocity will stay constant until CO2 saturation 
reaches 40% and a slight build up will occur after the CO2 saturation exceeds 40 percent. 
 




















4.3 Calibration of the Synthetic Vp and Time Lapse Seismic Data  
The effectiveness of modified Eberhart-Phillips equation needs to be verified for Delhi 
Field. Time lapse seismic has been utilized because there is no sonic logging data after the CO2 
injection in Delhi Field. According to seismic wave propagation theory, one needs to consider 
the difference between logging frequency and seismic frequency to incorporate the different 
resolution of the two methods of measurements. The dispersion correction needs to be applied to 
compare the seismic and sonic velocities effectively. The velocity dispersion effect needs to be 
extracted in order to use time lapse seismic to calibrate the synthetic sonic log after the CO2 
injection. The Debye model has been implemented to determine the velocity dispersion due to 






                                                                                                                   (4.11) 
where 'V is the velocity in various frequencies, V is the high frequency velocity limit and oV is 
the low frequency limit for the formation of interest, f is the frequency, and cf is the critical 










                                                                                                                            (4.12)
 
Here  is porosity in fraction,  is viscosity in cp, fl is fluid density in g/cm
3
, and k is 
permeability in md. The velocity dispersion obtained from equation 4.12 in Delhi Field has been 
presented in Figure 4.6. The error bars show the range of the experimental errors and field data 






Figure 4.6-Velocity dispersion based on the Debye model in Delhi Field. The lines are calculated 
velocity dispersion before and after CO2 injection while the symbols are the measured 
seismic and sonic data before CO2 injection, seismic after CO2 injection and 
calculated sonic after CO2 injection. The error bars represents the range of velocity 
errors encountered in the measurements made in the laboratory and in the field. 
 
The upper curve is the compressional velocity dispersion before the CO2 injection based 
on the Debye model. The lower velocity limit on this line is the compressional velocity which 
derived from P-wave impedance in well 140-1 in the depth 3298ft (Paluxy interval). The upper 
limit of the navy line is the ultrasonic core measurement data from the well 140-1 at the depth 
3286ft. The red square symbol on the calculated dispersion line is the sonic log data at the well 
140-1 in the depth of 3298ft. Thus, using dispersion correction for converting the synthetic sonic 
velocity derived in this study to seismic velocity measured in Delhi Field prior to the CO2 
injection has good agreement to the field measurements.  The lower line is the velocity 
dispersion after the CO2 injection. The lower and higher limits are obtained from seismic and 





obtained based on the seismic inversion work by Bibolova (2012), the error bar on the upper 
limit depends on the CO2 saturation effect. The synthetic compressional velocity based on 
modified Eberhart-Phillips equation is located on the lower line, the pore pressure in October 
2010 is 13.8MPa and the CO2 saturation is 0.15, the results verify our prediction of 
compressional velocity changes is effective. 
 
4.4 Comparison the Synthetic Sonic Log with Time Lapse Seismic  
The sonic compressional velocity distribution in Paluxy calculated using the Eberhart-
Phillips equation is shown in Figure 4.7. The frequency effect has been extracted using the 
Debye model. The seismic derived Vp inverted for Paluxy in 2008 is shown in Figure 4.8. In 
these two plots, we used the same color bar notation. Based on the comparison, majority of the 
field shows good agreement between calculated and measured velocities. The correlation 
coefficient for Vp comparison between seismic and logging (Figure 4.9) also indicate the good 
agreement and the effectiveness of the synthetic sonic logs before the CO2 injection. Because the 
porosity, clay content and the lithology in the Paluxy formation doesn’t change very much, the 
results from logging and seismic are consistent without a major upscaling effort. 
The average CO2 saturation for Paluxy formation has been determined using Eclipse 
(after Alharthy, 2011) in Figure 4.10. Because the critical frequency based on the equation 4.12 
in Delhi field calculated to be approximately in the logging frequency range, in order to compare 
it to the seismic data, the result from the Gassmann equation has been used to input into the 
Debye model to remove the frequency dependence. The pore pressure changes obtained from 
bottom hole pressure survey.  The results have been used to couple together to calculate the 







Figure 4.7-Compressional velocity distribution in Paluxy in 2008 calculated in seismic frequency 
using the synthetic log data and Debye model for dispersion correction (legend is 
compressional velocity in ft/s).  
 
 










Figure 4.10 -CO2 saturation distribution for Paluxy formation in 2010 (after Alharthy, 2011). 
y = 0.9857x + 194.52 












































Table 4-1 Compressional velocity changes using various methodologies in several wells between 
2010-2008. 
Well Name 149-1 123-1 148-2 158-4 164-3 160-1 169-5 140-1 160-2 159-2 
Velocity changes using 
empirical equation 4.1 
(ft/s) 
-524 -285 -606 -291 -315 -410 -398 -412 -513 -575 
Velocity changes from 
seismic data (ft/s) 
-192 -112 -400 -290 -146 -235 -134 -229 -235 -286 
Velocity changes using 
Eberhart-Phillips equation 
only (ft/s) 
-32 -42 -91 -74 -89 -81 -47 -114 -46 -61 
Velocity changes using 
Gassmann equation only 
(ft/s) 
-492 -243 -514 -216 -226 -328 -351 -298 -467 -513 
 
The difference between the pre flooded (base case) synthetic seismic offset and CO2 
substituted has been shown in Figure 4.11 (Mohapatra, 2012). The red and blue color in Figure 
4.11 corresponds to positive and negative amplitude respectively. The presence of CO2 in 
sandstone below a shale layer indicates a negative impedance contrast and negative amplitude. 
The amplitude values in Figure 4.11 indicate that the normal incidence and far offset seismic can 
be detected when CO2 saturation above 50% or more at the Tuscaloosa and Paluxy interfaces. 
This example proves the effectiveness of 4D seismic to map CO2 flood front. It is evident from 
Figure 4.11 that the seismic velocity is not very sensitive to small fraction of CO2 saturation 
changes unless the CO2 saturation reaches 50%. It also provides an explanation on why the 
compressional velocity changes obtained from seismic is smaller than our prediction listed in 
Table 4-1. 
Seismic derived Vp in 2010 has been shown in Figure 4.12. The sonic log compressional 







Figure 4.11-Seismic amplitude difference as function of offset and CO2 saturation for reflection 
from Tuscaloosa and Paluxy interfaces. The base case is pre CO2 flood condition 






Figure 4.12-Time–lapse seismic derived Vp inverted for Paluxy formation between the years 
2010 and 2008 (after Bibolova, 2012). 
 
Even though compressional velocity changes calculated using the coupled empirical 
equation 4.1 has been shown reliable, the values of velocity changes obtained using sonic logs 
and seismic not completely match as shown in Figure 4.12, Figure 4.13. The velocity changes 
obtained from seismic measurements are smaller than the ones obtained from the log data.  One 
of the reasons is the average CO2 saturation from the simulation is higher than the one obtained 
in the field. Another reason is the scale resolution difference of seismic and logging 
measurements. Based on figure 4.11, the seismic velocity changes cannot be detected before CO2 





similar trend still can be seen. Therefore, the coupled methodology still can be considered as an 
effective way to calculate the velocity changes after the CO2 injection. 
 
Figure 4.13-Time lapse compressional velocity distribution in Paluxy formation between 2010-
2008 in seismic frequency after the dispersion correction applied to the log data (The 







CHAPTER 5 : SIMULATIONS AND DISCUSSION 
5.1 Elastic Rock Property after the CO2 Injection in 3D 
The results of a reservoir simulation study conducted by Alharthy (2011) have been used 
to incorporate the fluid saturation distribution in the reservoir and associated changes on the 
effective stresses in our study. The water, oil and CO2 saturations have been extracted from this 
reservoir model while the pore pressure was determined using the BHP surveys from several 
wells in the Delhi Field.  The saturations and pore pressures were then used as an input into the 
modified Eberhart-Phillips empirical correlation, and the simulation results of Young’s moduli, 
Poisson’s ratio and unconfined compressive strength (UCS) obtained through this process are 
shown in Figures 5.1 thru 5.5. The changes taking place in dynamic Young’s modulus 
throughout the interest area with CO2 injection as a function of time is illustrated in Figures 5.1, 
5.2, 5.3 (a),(b),(c) in 2009, 2010 and 2011, respectively. The dynamic Young’s modulus was 
reduced when the effective stress decreases, and the calculated area with low Young’s modulus 
close to the CO2 injection well. This low modulus area is enlarged when the effective stress is 
reduced after the CO2 injection. Therefore, coupling the effects of effective stress and CO2 
saturation in the determination of elastic rock property changes is critical. The calculated 
changes for the static Young’s modulus in the same time period are plotted in (d), (e) and (f) 
using Wang and Nur (2000) correlations. The lower and upper limits for the dynamic and static 
Young’s moduli are 12.85 GPa to 13.85 GPa and 4.2 to 4.8 GPa, respectively. In general, Static 
Young’s modulus decreases in the entire field when effective stress decreases while in the near 
vicinity of the CO2 injection wells, the static Young’s modulus is significantly lower than the rest 
of the field. 






The upper and lower limits of the Wang and Nur (2000) correlation has also been 
calibrated using the core measurements reported by Hosseini and Hayatdavoudi (1986) in 
Tuscaloosa sand that stays within the core measurement range. The dynamic Poisson’s ratios are 
presented in Figure 5.4. The upper and lower limits of the dynamic Poisson’s ratios are obtained.  
We utilized an empirical correlation introduced by Bradford et al. (1998) to determine the 
unconfined compressive strength (UCS) in the Delhi Field. 
EUCS 1089.428.2                                                                                                               (5.2) 
The UCS varies in the range of 38.5 to 42.5 GPa using equation 5.2 as illustrated in 
Figure 5.5. Low effective stress values will reduce the strength.  Hence, the area nearby the 
injection well 140-1 has a fairly low UCS, giving a warning for potentially higher seal integrity 
issues in this region in the Delhi Field. 
 
5.2 1D Mechanical Earth Model 
The mechanical earth model (MEM) is a numerical representation of the state of stress 
and formation mechanical properties for a specific stratigraphic section. The MEM is based on 
linear elasticity and Kirsh equation, moving the farfield stresses to near wellbore stresses. The 
MEM is fully representative of the geomechanical property changes and enables the users to 
predict geomechanical risks, helps determine the geomechanical boundaries for drilling, 
development and production assists interpretation of the response of the wellbore and the 
reservoir. The synthetic sonic log in areas where no sonic data is available is a crucial input in 
setting up the MEM, and the pore pressure changes is a critical input to make the MEM reliable. 
In order to set up the MEM model, five types of data (core, formation evaluation logs, 






(a)                                                     (d) 
  
(b)                                                     (e) 
  
                           (c)                                                            (f) 
Figure 5.1- Dynamic and static Young’s moduli at effective stress of 10MPa. (a),(b),(c) Dynamic 
Young’s moduli in 2009, 2010 and 2011. (d), (e), (f) Static Young’s Moduli in 2009, 
































































(c)                                                                         (f) 
 
Figure 5.2- Dynamic and static Young’s moduli at effective stress of 8MPa. (a),(b),(c) Dynamic 
Young’s moduli in 2009, 2010 and 2011. (d), (e), (f) Static Young’s Moduli in 2009, 



























































        
                                       (a)                                                                   (d) 
         
(b)                                                                     (e) 
 
         
(c) (f) 
Figure 5.3- Dynamic and static Young’s moduli at effective stress of 6MPa. (a), (b), (c) Dynamic 
Young’s moduli in 2009, 2010 and 2011. (d), (e), (f) Static Young’s Moduli in 2009, 




























































       (a)                                              (d)                                            (g) 
 
                      (b)                                           (e)                                              (h) 
 
         (c)                                              (f)                                             (i) 
Figure 5.4- Dynamic Poisson’s ratio in various effective stresses. (a), (b), (c) Poisson’s ratio in 
2009, 2010 and 2011 at effective stress of 10MPa. (d), (e), (f) Poisson’s ratio in 
2009, 2010,2011 at effective stress of 8 MPa, (g), (h), (i) Poisson’s ratio in 2009, 























































































 (a)                                          (d)                                         (g) 
 
(b)                                          (e)                                          (h) 
 
    (c)                                           (f)                                          (i) 
Figure 5.5- Unconfined compressive strength (UCS) at various effective stresses. (a), (b), (c) 
UCS in 2009, 2010 and 2011 at effective stress of 10MPa. (d), (e), (f) UCS in 2009, 
2010 and 2011 at effective stress of 8 MPa. (g), (h), (i) UCS in 2009, 2010 and 2011 
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In Figure 5.6, the dynamic rock properties are calculated using sonic log data from the 
Delhi Field study area. The pore pressure is calculated based on BHP survey and an assumption 
was made to assume a constant fluid gradient. The correlation equations 5.1, 5.2 and 5.3 were 
used to calculate static rock properties and rock strength from dynamic properties to static 
properties, and calibrated with the data using the formation data by Hosseini (1986). As shown in 
Figure 5.6, a close agreement to the correlation is evident. The variation of the minimum 
horizontal stress magnitude with depth was also obtained using the Young’s modulus, Poisson’s 
ratio and overburden stress.  
Once the methodology is confirmed in the field, the pore pressure changes obtained from 
BHP survey and static rock property changes based on coupled Eberhart-Phillips equation can be 
used to predict the shear failure. 
5.3 Where Do CO2 and Oil Go 
The movement of CO2 is affected by oil composition, pressure and temperature that have 
already been discussed in Chapter 1. In order to figure out where the residual oil has not been 
displaced, further research needs to be conducted.  
The pore pressure data has been listed in Table 5-2. The wells where low pore pressure 
obtained are indicated in the circled area in Figure 5.7. The low pressure is evidence that the 
residual oil has not been displaced yet.  
Based on the BHP survey, a low pore pressure region close to the well 165-32, 169-5 and 
169-1 has been determined. The result were compared to the GR distribution in Paluxy formation,  
where the higher GR distribution between the production wells (165-32, 169-5 and 169-1) and 







Table 5.1- Information sources used in building an MEM (Akbar, 2003) 
Profile Logs Other 
Mechanical Stratigraphy Gamma Ray, 
density,resistivity, sonic (Vp) 
Cuttings, cavings,sequence 
stratigraphy 
Pore Pressure (Pp) Sonic (Vp), check 
shotsurvey, resistivity 
Interval velocity from seismic, 
formation test,daily drilling reports 
OverburdenStress (v) Bulk density Drill cuttings 
Stress Direction Oriented 
multi-arm 
calipers, borehole images Structural maps, 3D seismic 
Minimum horizontal 
stress(hmin) 
Sonic, wirelinestress tool leak-off tests, extended leak-off 
test 
Maximum horizontal stress 
(Hmax) 
borehole images Pore pressure,  rock strength 
ElasticParameters Sonic, bulk density Data base, laboratory tests on 
cores 
Rock strength (UCS, ) Sonic, bulk density, 
mechanical stratigraphy 
data base, laboratory tests on 
cores, cavings 
Failuremechanism Borehole image, oriented 
multi-arm caliper 













Moreover, the CO2 saturation distribution based on the time-lapse seismic study, Bishop 
(2012), also indicated that in the wells 165-32, 169-5 and 169-1, the saturation is relatively low. 
Therefore, a concentrated study in the area where wells 165-32, 169-5 and 169-1 on how to 
displace the oil in this specific area will be beneficial and could be used to further calibrate the 
results presented here and other recent studies conducted in the Delhi Field.  
5.4 Geomechanics Model 
A 3D geomechanical model has been designed for a vertical well to simulate the stress 
and deformation near the vicinity of the CO2 injection well using FLAC3D program, an ITASCA 
computational code. Stresses and displacements in the code are determined by the pore pressure 
changes in a cylindrical hole. The formation in our case is assumed to be linearly elastic, with a 
failure surface defined by the Mohr-Coulomb criterion. 
 
Figure 5.7 -The geographic locations of the wells studied in the Delhi Field in this study.  The 







Figure 5.8- Gamma Ray Distribution in Paluxy (after Ramdani, 2010). 
 
Table 5.2- Lower Pore Pressure Area 
Well name Well type Bottom hole Pressure in October 2010 (psi) 
160-1 Injection 1963 
161-36 Injection 1580(low) 
166-1 Production 1951(1.2011) 
164-3 Injection 1974 
158-4 Injection 2036 
159-2 Production 1820 
165-32 Production 1642(low) 
169-5 Production 1732(low) 
169-1 Production 1745(1.2011) 








Figure 5.9 - CO2 saturation based on time lapse seismic (after Bishop, 2012). 
FLAC3D models the fluid flow through the formation. The model has been conducted in 
parallel with the geomechanical modeling. The slow dissipation of pore pressure causes 
displacements occur in the formation. Coupling between fluid and geomechanical calculations 
due to deformable grains is provided through the Biot coefficient, typically obtained from the 
core measurement. 
For our coupled modeling approach, the problem has been defined as the domain 
sketched in Figure 5.10. We have taken advantage of the quarter-symmetry geometry in 
designing our model. The FLAC3D grid used corresponds to a quarter cylinder containing 2000 
zones. The zones have been organized in a radial pattern. The radius of the well is small 
compared to the length of the cylinder to assure the plane-strain conditions are applicable.  The 





We assigned Mohr-Coulomb formation with the following properties from core 
measurement data discussed in Chapter 4 to predict if there will be any failures occur in the 
vicinity of the CO2 injection well.   
Shear modulus (G) = 6.3 GPa 
Bulk modulus (K) = 7 GPa 
Cohesion (c) = 3.45 MPa 
Friction angle (φ ) = 30◦ 
Biot coefficient = 0.7  
The minimal horizontal in-situ stress has been calculated by the equation 5.3 from log-























                                                                            (5.3)
 
where 
min    = Total minimum horizontal stress  
                  = Poisson's ratio 
          pP      = Pore pressure 
                 = Biot's coefficient  
          v      = Total overburden stress 













Figure 5.11 -Pore pressure distribution after CO2 injection. 
 
Figure 5.10 is the block state after the CO2 injection based on Mohr-Coulomb criterion. 
The FLAC3D analysis predicts no failure occurrence at the current injection pressure. Figure 







Figure  5.12 -Young Modulus Distribution based on Terzaghi equation and Equation 1.2 when 








Figure 5.13 -Young Modulus Distribution based on Terzaghi equation and Equation 1.2 when 
effective stress is 8MPa.  The unit used for Young’s modulus in the simulation is 
psi. 
 
In Figure 5.12, Figure 5.13 and Figure 5.14, the effective stress has been calculated by 
Terzaghi equation, and the Young modulus distribution has been calculated by Eberhart-Phillips 
and Equation 1.2.  The static Young modulus was calculated using equation 5.1. Based on the 
upper and lower limit of the Young modulus distribution, the result has a good agreement with 
the results we obtained utilizing Techlog and Petrel models in Delhi Field. Based on Figure 5.12, 
Figure 5.13 and Figure 5.14, it is evident that the rock around the wellbore is much weaker after 







Figure 5.14 -Young Modulus Distribution based on Terzaghi equation and Equation 1.2 when 
effective  stress is 10MPa.  The unit used for Young’s modulus in the simulation is 
psi. 
 
In Figure 5.15, Figure 16 and Figure 5.17, the Unconfined compressive strength (UCS) 
has been calculated by equation 5.2. The UCS has a good agreement with the results we obtained 
utilizing Techlog and Petrel. Based on Figure 5.15, Figure 16 and Figure 5.17, the rock around 






Figure 5.15-Unconfined compressive strength (UCS) based on Equation 5.2 when effective 
stress is 6MPa.  The unit used for UCS in the simulation is psi. 
 
 
Figure 5.16-Unconfined compressive strength (UCS) based on Equation 5.2 when effective 






Figure 5.17-Unconfined compressive strength (UCS) based on Equation 5.2 when effective 
stress is 10MPa.  The unit used for UCS in the simulation is psi. 
 
 
Figure 5.18-The reservoir displacement associated with pore pressure changes in the reservoir 
when Biot coefficient a=1 is used in FLAC3D geomechanics simulation for the area 






Based on the simulation results presented in Figures 5.18 and 5.19, the higher the Biot 
coefficient, the larger the displacement is. As the Biot coefficient = 0.7 has been obtained from 
recent core measurements in Delhi Field, the displacement distribution obtained using  = 0.7 
shown in Figure 5.19 is a more realistic representation of the displacement in the Delhi Field 
compared to  = 1.0 case presented in Figure 5.18. 
 
Figure 5.19-The reservoir displacement associated with pore pressure changes in the reservoir 
when Biot coefficient=0.7 is used in FLAC3D geomechanics simulation for the area 






CHAPTER 6 : CONCLUSIONS AND FUTURE WORK 
6.1 Conclusions 
The synthetic sonic logs before and after the CO2 injection throughout the study area in 
Delhi Field have been calculated using various methodologies. The mechanical properties and 
strength (UCS) changes as a result of CO2 injection have been obtained. 
Neural network was used to obtain synthetic sonic logs before the CO2 injection.  
Unfortunately, the methodology cannot be directly used to predict the changes after the CO2 
injection. Eberhart-Phillips equation has been proved to be effective to populate the 
compressional velocity to the entire research area based on the comparison with the seismic 
derived velocity calibration. 
A coupled Eberhart-Phillips and Gassmann rock physics correlation was used to create 
the synthetic sonic logs after the CO2 injection in the field as neither Gassmann nor Eberhart 
Phillips correlations could account the coupled effects of the stresses and fluid saturation 
changes. The results have been calibrated by seismic derived compressional velocities from the 
same reservoir area. 
The methodology and coupled models we have introduced in this study along with the 
time-lapse seismic inversion can be effectively used to monitor the CO2  movement in the Delhi  
Field. 
Our study indicates that lower effective stress resulting lower Young’s Modulus, and 
there is a significant weakness in formation strength occurs in the vicinity of the injection wells. 
This result also confirms with a coupled geomechanical model by utilizing FLAC3D in the 
vicinity of the CO2 injection well. Based on our modeling results, no geomechanical risk occurs 






6.2 Further Work and Recommendation 
The average CO2 saturation for the entire interval needs to be further determined to 
compare with seismic compressional velocity changes.  
The triple combo and MRIL should be executed to see the porosity and permeability in 
165-35,169-5 wells to determine whether there are shale baffles in this area preventing the CO2 
flooding. 
The BHP survey should be carried out in more wells and reservoir simulation should be 




















C=clay content  
  =bulk compressibility of the reservoir 
      =fault cohesion  
        =dynamic young's modulus 
  =Young’s modulus of the overburden 
f= frequency 
  = critical frequency 
G(x,y,z)= a distance function that imparts a reservoir shape effect  
     =gamma ray log 
     =minimum gamma ray  
     =maximum gamma ray  
   =Gamma ray index 
k = permeability  
     =bulk modulus of clay 
  =effective modulus of dry rock 
      = fluid mixing modulus 
    =CO2 bulk modulus 
       =liquid modulus given by the Reuss average  
  = mineral modulus 
       =bulk modulus of quartz 
    =bulk modulus after the CO2 injection 
P= pore pressure in the fault plane 
  =the effective stress 
  = pore pressure 
  = overburden stress 
UCS= unconfined compressive strength 
     =clay fraction in the interval 
  =Compressional velocity 
  =Shear velocity 
   = shale volume 
  = velocity in various frequencies 
  = high frequency velocity 
  = low frequency velocity 
υ = Poisson’s ratio of the reservoir and the overburden 
z=depth of the formation 
 =the Biot coefficient 




σ =maximum principal in-situ stress 
σ =minimum principal in-situ stress 
 =porosity in fraction 





   = effective density porosity 
   = effective neutral porosity 
      = fault friction angle  
    =neutron porosity in the shale interval 
     = critical shear stress for slip to occur 
δ=angle between the fault plane and the σ  direction 
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